
NETWORK PROCESSOR WITH MULTIPLE INSTRUCTION THREADS 
CROSS-REFERENCE TO RELATED PATENT APPLICATIONS 

The present applicathm relates to applrbation Serial No. , Docket 

RAL9-2000-0058-US1 entitled\oNTROLLER FOR MULTIPLE INSTRUCTION THREAD 

5 PROCESSORS" filed: and assigned to the assignee of the present application. 

FIELD OF THE INVENTION 
This invention relates to the field of executing multiple threads of instructions in a 
computer system. More specifically, it relates to the means of efficiently processing multiple 
threads so as to minimize the impact of latency in accessing data especially data formatted in tree 
40 structures. 

BACKGROUND OF THE INVENTION 

Network processors are designed for efficient implementation of switching and routing 
functions. The critical performance measurement for Network processors is the number of 
machine cycles required to process a typical packet or data frame. This processing is typically 

15 broken down into two major parts: the instructions executed by the Network processor CPU 

(central processing unit), and the access of routing and control tables which are typically stored in 
a memory source which is shared among several Network processor CPUs. CPU instruction 
execution is typically stalled during access to the routing tables, adding significantly to the 
number of machine cycles required to process a packet. In fact, the time to complete an access to 

20 one of these tree structures may be 2 or 3 times longer than the time required by the CPU to set up 
for the access and process the resulting data. The data for these routing and control tables is 
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typically formatted in a tree structure which requires a specialized coprocessor or tree-search 
engine (TSE) to efficiently access the desired table entry. Other coprocessors, set up to work with 
data in local data storage, may also stall the CPU, but for shorter durations. 

The related art reveals a number of previously patented implementation systems using 
5 multiple threads: 

US Patent #5,357,617 (Davis, et al.) - This patent deals with switching from one 
execution thread to another with zero overhead. More specifically, the CPU continuously 
switches between multiple instruction threads in a time-division multiplexed allocation of CPU 
resources. In other words, the multiple instruction threads are controlled via a static interleaving 
; ipK) mechanism. 

M US Patent #5,404,469- This patent extends the concept of time-division 

^ multiplexed allocation of CPU resources to a processor with a VLIW (very long instruction word) 

i architecture. 

p US Patent #5,694,604 - This patent describes a typical software multiprocessing 

ill 5 approach in which a selected instruction thread is allocated a specified amount of time to execute, 

after which its context is saved, and a previous context for the next instruction thread is restored. 

In this type of system, each thread typically executes for an extended period of time since there is 

significant cost (in machine cycles) to save and restore machine context when switching from one 

thread to another. 

20 . US Patent #5,8 12,8 1 1 - This patent refers to running multiple instruction threads in 
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parallel which are part of the same program, in order to accelerate completion of the program. It 
also deals with speculative execution of paths which may or may not be required to complete the 
execution of the program. 

US Patent #5,933,627 - This patent describes switching to an alternate thread 
when the CPU is stalled because required data is not found in local cache. The system requires the 
CPU to explicitly control which thread would gain control of the CPU. This patent also describes 
multiple threads as pieces of the same program, rather than independent processes. 

US Patent #5,694,603 - This patent is another description of a typical software 
multiprocessing approach which includes preemptive switching from one thread to another. 

SUMMARY OF THE INVENTION 

It is an object of the current invention to make more efficient use of both the network 
processor CPU and a coprocessor such as a tree search coprocessor by employing multiple 
instruction execution threads with zero overhead to switch execution from one thread to the next, 
thereby enabling an overlap of one instruction thread's access to a long-latency access (i.e. tree 
search) with an alternate instruction thread's CPU instruction execution. 

Another object of the current invention is to pipeline access to a search tree structure to 
permit multiple execution threads to have overlapping access to the structure. 

Yet another object is to transfer full or temporary control to the next thread in a queue 
when execution of a thread stalls due to a latency event. 

These and other objects that will become apparent from the specification are achieved in 
the manner to be hereinafter described. 
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Multiple threads are efficiently used in a pathway in association with a processing system 
such as a network processor and a tree search structure, including the following steps and related 
structure. 

Access to data such as the data in a tree search structure is pipelined to enable the multiple 
execution threads to have overlapping search access. A first thread in the queue is executed until a 
latency event of a given duration occurs which causes the execution to stall. Control of the 
execution is then transferred to the second thread in the queue when execution of the first thread 
stalls. If the latency event is programmed to be short, e.g. 25 machine cycles or less, the control is 
temporarily transferred to the second thread. On the other hand, if the latency event is 
programmed to be longer, e.g. over 25 cycles, full control is transferred to the second thread in 
the queue. The duration of a typical machine cycle may be between about 5 and about 7.5 
nanoseconds. The trend is toward ever faster cycles as technology continues to evolve. 

The invention also relates to a network processor configuration comprising a CPU with 
multiple threads, an instruction memory, and a prefetch queue between the instruction memory 
and the CPU. An array of general purposes registers communicates with the CPU. The 
configuration includes local data storage and a thread execution control for the general register 
array and the local data storage. A first coprocessor connects the CPU to a local data storage. A 
pipelined coprocessor connects a shared remote storage and the CPU. 

The invention includes a thread execution control (TEC) for the execution of multiple 
independent threads in a processor configuration. The TEC comprises a priority FIFO to grant 
priority to one of a plurality of threads; an arbiter to control the execution of the prioritized 
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threads, and a thread control state machine for shifting execution control between threads upon 
the occurrence of latency events. The thread priority is granted by the FIFO by loading a thread 
number into FIFO when a packet is dispatched to the processor. The thread number is unloaded 
from the FIFO when a packet has been enqueued for transmission. When a long latency event 
occurs, a thread number is circulated from highest priority to lowest priority in the FIFO. The 
thread outlets of the FIFO are used to determine priority depending on the length of time a thread 
has been in FIFO. 

The thread execution control includes a thread control state machine. The machine grants 
control of execution from a first thread to a second thread when a latency event occurs in the 
execution of the first thread. The transfer is for temporary control to the second thread if the 
latency event causes a short latency stall of, e.g. less than about 25 cycles. On the other hand, the 
transfer to the second thread is for full control if the latency event is a long latency event that 
causes a stall of more than about 25 cycles. Commonly, the threshold between a short latency and 
a long latency is decided by the microcode programmer and is encoded into the program. 

The invention also comprises a system for granting execution priority to an independent 
thread based on the logical function of an arbiter based on the following Boolean expression: 

G„=R n {(P A ^)+^(PB^)+^A^ (Pc=n) * } 
where: G n is a grant from a given thread N 

Rn is a request from a given thread N ; 

P A , P B and P c represent a plurality of thread numbers depending on the number 
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of threads in use and ranked by alphabetical subscript; 

R PA is a request from the highest priority thread in the FIFO; and 
n is a subscript identifying a thread by the bit or binary number 
The system determines whether a request R is active or inactive. It also determines the priority of 
the threads and then matches the request R with the corresponding thread P. Finally, it grants a 
request for execution if the request is active and if the corresponding thread P has the highest 
priority. 

The invention also involves the use of a prefetch buffer in connection with a plurality of 
independent thread processes in such a manner as to avoid an immediate stall when execution is 
granted to an idle thread. This involves determining whether the buffer is being utilized by an 
active execution thread. During periods that the buffer is not being used by the active execution 
thread, the buffer is enabled to prefetch instructions for an idle execution thread. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates a network processor architecture with two coprocessors; and 

Figure 2 illustrates one embodiment of the current invention; and 

Figure 3 is a thread execution control diagram; and 

Figure 4 shows waveforms for two execution threads and a single CPU. 

DETAILED DESCRIPTION OF THE INVENTION 

The current invention is distinct from the related art in that the invention specifically 
relates to independent processes in each of the instruction execution threads (each of which relates 
to a different packet being processed), and the invention specifically deals with latency in 
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accessing data. Each of the execution threads is an independent process executing a sequence of 
instructions as the threads are allowed to gain access to the processor hardware. An additional 
aspect of the current invention is that the tree search coprocessor is pipelined to enable multiple 
execution threads to each have access simultaneously but at different phases (overlapping) in the 
tree search pipeline. Preferably, the invention employs multiple instruction execution threads with 
zero overhead to switch execution from one thread to the next, the threads are queued to provide 
rapid distribution of access to shared memory. Queueing of the threads serves to get the thread of 
highest priority to its long latency event as quickly as possible. 

Another aspect of the current invention relates to multiple instruction prefetch buffers, one 
for each execution thread. These prefetch buffers enable prefetch of instructions for idle 
execution threads during intervals where instruction bandwidth is not being fully utilized by active 
execution threads. This helps to insure that when control is switched to a new execution thread, 
the instruction prefetch buffer for that thread will be full, thus avoiding the possibility of the new 
thread stalling immediately due to lack of available instructions to execute. Accordingly, access 
priority to instruction memory is controlled so that the currently executing thread receives top 
priority, while the execution thread positioned to take control if the current thread stalls is given 
second priority. Likewise, the execution thread at the bottom of the execution queue is given last 
priority in instruction fetch access. 

An additional aspect of the current invention is a thread control state machine which 
determines the current active execution thread and which grants full control to the next thread 
when execution of the active thread stalls due to a long latency event (i.e. tree search), or 
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temporary control to the next thread when execution stalls due to a short latency event (i.e. 
coprocessor action in local data storage, or instruction fetch latency). If temporary control is 
granted to an alternate thread, then control is returned to the original thread as soon as it is 
unblocked. In contrast, if full control is granted to an alternate thread, that alternate thread will 
remain in control until it becomes blocked. This avoids wasting cycles for short latency events, 
but also allows the primary execution thread to reach the long latency event sooner. Otherwise, 
multiple execution threads might reach a long latency event at about the same time which would 
reduce the benefit of overlapping one thread's CPU execution with an alternate thread's tree 
search. 

Figure 1 shows a typical network processor configuration comprising a single thread 
central processing unit (CPU) 10 and a plurality of general purpose registers 12 implemented in a 
single register array in two-way communication with the CPU. Instructions are transmitted 
between an instruction memory 16 and a single prefetch queue 18 coupled to the CPU. A first 
coprocessor 20 communicates with the CPU 10 and accesses data contained in remote storage 22. 
This remote storage can share data with a plurality of other processors (not shown) through the 
coprocessor 20. Local data storage 26 is used exclusively by the coprocessor 24 and is not shared 
with the other processors. In the case of multiple threads, all of the threads have access to the local 
data storage. 

Turning now to Figure 2, where the same numbers are used to refer to the identical 
components as in Figure 1, there is shown a CPU 110 configured with multiple execution threads. 
Instructions are transmitted between an instruction memory 16 and prefetch queues 118 coupled 
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to the CPU 1 10. One prefetch queue is used for each independent execution thread. A plurality of 
general purpose registers 1 12 are implemented in a single register array serving the CPU. The 
array has one address bit that is subject to control by a thread execution control (TEC) 30 which 
determines which part of the register array is used by a thread. The remaining address bit or bits 
5 are controlled by the CPU. In a preferred embodiment, the local storage 126 is segmented so that 
each thread has its own logical private space in the local storage. For example, two threads would 
each share X A of the space, and four threads would each have l A of the local storage space. The 
TEC 30 also determines which segment of the local data storage 126 is to be used for a particular 
thread. Data can be exchanged directly between the local data storage 126 and the CPU 110. The 
0 local data storage is fully addressable by the CPU with working areas identified by an index 
register within the general purpose register array. A first coprocessor 120 is pipelined between 
the CPU 110 and the shared remote storage 22. A second coprocessor 24 accesses the local data 
storage 126 and communicates with the CPU 1 10. 
% Referring again to Figure 2, the CPU, even though it supports multiple threads, is not 

sss. 

3 5 substantially different from the single-threaded CPU of Figure 1 . The key difference required to 

S==. 

□ support multiple threads is found in the functioning of the thread execution control (TEC) 30. 
Control logic within the TEC constantly monitors the current execution thread, and if the current 
thread stalls, the control logic switches control to an alternate execution thread. In addition, the 
control logic identifies the nature of the event which causes an active execution thread to stall and 

20 transfers either temporary or full control based on the length of the event. 

Figure 3 shows the thread execution control (TEC) 30 including FIFO 52, Arbiter 46 and a 



; .j 5 
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plurality of Thread Controls #0 through #N. Each of the Thread Controls includes a thread 
control state machine 38. Controls different from the state machine 38 may be used without 
deviating from the teachings of the present invention. 

The thread execution control operates in the following manner. When the computer is first 
5 powered up, each thread is in the initialize state 40. When a packet 42 is dispatched to a 
processor, the corresponding thread is moved to the ready state 44 at which time it starts 
requesting cycles for execution. 

The arbiter 46 is the device that grants the execution cycle to the thread. If the cycle is 
granted, then the thread moves from the ready state 44 to the execute state 48. In the execute 
/SlO state, the thread continues to make requests until execution stalls due to a latency event or the 
,1= packet being processed is enqueued, thereby implying that the code work on that packet is done. 
^ If cycles are no longer granted, this implies that another thread is in control. That is the only 
~ reason that the arbiter 46 would not grant a cycle to the thread control state machine 38. But in 
J either of these two states (ready or execute), the thread will continuously request new execution 

: s 
: =? 

M 5 cycles pausing for latency events, until the end of the packet processing is reached and the next 

Q 

S packet 42 is queued to be dispatched to the arbiter. The system then goes back to the initialize 
state and waits for the next packet 42. 

The wait state 50 deals with either a long or a short latency event. Regardless of which 
event occurs, the processor stalls and the active thread defaults to the wait state. The thread then 
20 quits requesting execution cycles until the latency event is completed. 

The same dispatch action that moves a thread from the initialize stage 40 to the ready state 
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44 enters the thread number into the FIFO 52 so that the thread to which the first packet is 
dispatched will become the highest priority thread PA. Subsequent dispatch actions supply 
additional thread numbers into the FIFO. The thread number in the highest priority position of the 
FIFO will stay in that position until it encounters a long latency event whereupon the thread is 
rotated back to the beginning of the FIFO and goes from the highest priority P A to the lowest 
priority thread Px. A short latency event will not cause the thread to lose its priority in the FIFO. 

If the thread is done with the processing of the packet 42, the packet is enqueued for 
transmission to an output port, the thread control state machine transitions to the initiate state 
from the execute to initialize state, and the thread number is removed from the FIFO 52. 

New packets are dispatched from a high-level controller (not shown). This controller, 
outside of the processor chooses a thread and a processor to handle each packet . That decision 
provides an input command to the FIFO 52. It also provides an input to the state machine 38 
instructing the machine to move from the initialize state to the ready state. Along with that 
command from the external controller, the thread number to which the packet is to be dispatched 
must also be delivered from the controller to the FIFO. As an example when using 4 threads, the 
two bit binary code (00; 01; 10; or 1 1) identifies the thread that is going to handle the packet 
being dispatched. If the system uses two threads, these are identified by a single bit binary code (0 
or 1). 

From the FIFO are multiple outputs to the arbiter 46 for each thread if all of the threads 
are active. Two such outputs are shown as 60 for the highest priority thread, P A and 62 for the 
lowest priority thread Px. In the case of two threads, PX = PB, and there are two outputs. For 
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four threads, PX = PD , resulting in 4 outputs. Most likely the system would handle threads in 
multiples of two. However it is possible for three or some other number to be used. 

As previously mentioned, going to four threads produces some gain in performance while 
requiring additional hardware and the expenses associated therewith. Four threads would make 
sense with different design parameters. However, the preferred embodiment of the present 
invention utilizes two threads. There are a number of factors that go into the decision as to 
whether to use two or four threads. One factor is the size of local storage. The smaller the 
storage, the more logical it is to use four threads or even more. Also the question about how long 
the latency event is relative to the length of the code execution path is a factor as well. 

Granting execution cycles to a specific thread by the thread execution control is based on 
the logical function of the arbiter based on the Boolean expression: 

G„=Rn {(P A =n)+^(P B =n)+^R~(P c -n) - } 
This equation is a generalized equation of how the arbiter decides whether or not to activate the 
grant signal (G) given that it has a request (R) coming in from the state machine 38. In the 
formula, G n equals G 0 , G! etc. up to as many threads as there are. The priority to be given to a 
thread is represented by (P). The equation reduces to two terms for two threads, and is extended to 
four terms for four threads. 

There are multiple elements to the grant if the request is a command for Ro and G 0 . 
Looking at Ro, it must be active before the system will consider issuing grant G 0 . Then the system 
looks at multiple ways to decide to execute that grant assuming the request is active. If the thread 
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is the highest priority, there is no need to look at what any of the other threads are doing. The 
arbiter immediately signals a grant to the thread number allowing it to execute. Otherwise, with 
the thread number P A the system finds a request number R PA for that thread, which is the request 
with the highest priority. If the request having a highest priority is not active then it looks at the 
5 request (R PB ) having the second highest priority and matches it with the thread (R B ) in which the 

system is interested. This thread number is represented by one bit (for 2 threads) or two bits (for 4 
threads). The equation stops at two terms if there are two threads or at four terms for four threads. 

Turning now to Figure 4, there are shown two timing diagrams 70, 72 for two tree search 
threads generally showing the overlap of the tree searches and a CPU execution on the two thread 

□ 

; fl0 wave forms. When the wave forms are low, the CPU is executing. When the wave forms are 

m 

high, the CPU is waiting for a tree search. When comparing the wave forms of the timing 
diagrams for the two threads it is noted that they are never low at the same time. They both share 
the same CPU and it is intuitive that they can not both be executing CPU cycles at the same time. 

=P On the other hand, because of pipelining of the tree search engine, they can be in various 

;fj 5 overlapping stages of tree searches at the same time. 

i==f There are basically two types of events which might cause execution to stall, those which 

cause a short interruption and those which cause an extended interruption of the current program 
flow. A short interruption may be caused by a branch instruction which requires the instruction 
prefetch queue to be refilled because of a change in the program flow. Alternately, the program 
20 may stall while waiting for a coprocessor to perform a task relating to data in the processor's local 
memory. An example of this would be for a checksum coprocessor to calculate a new checksum 
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on a modified header field. An event is considered a short interruption if the latency is less than 
25 processor cycles. Long latency events typically introduce a latency more than 25 and typically 
in excess of 50 to 100 processor cycles. These have a much more significant impact on overall 
performance. 

There are numerous alternative means for determining a long or a short latency event. The 
length of latency can be under the control of the programmer whereupon the hardware or its 
configuration is not a factor in the determination. On the other hand, a threshold register could be 
set with a 25 cycle threshold, and the hardware would determine how many cycles an operation 
was going to require and make an automatic decision based on that determination. 

A coprocessor instruction is one type of instruction that the processor executes. Some of 
the bits in the field identify which coprocessor is intended. One bit defines the particular 
instruction as a long or a short latency event. Thus, it is possible that a programmer can define 
two identical accesses to control memory, one defined as a long latency event and the other as a 
short latency event. The thread execution control function is designed to minimize the impact of 
these long latency events. Accordingly, a long latency event will cause full control to switch to an 
alternate execution thread, while a short latency event will cause only a temporary switch to an 
alternate thread. 

Even though the multi-thread CPU is substantially the same as a single threaded CPU, a 
number of the peripheral functions are replicated for each execution thread. General purpose 
registers and local data storage are both replicated for each instruction thread, as illustrated in 
Figure 2. This allows a complete context switch with zero overhead (in terms of processor clock 
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cycles). In the preferred embodiment, the multiple sets of general purpose registers are actually 
implemented in a single larger register array, with one (or more if the number of threads exceeds 
2) address bit being controlled by the Thread execution control logic and the remaining address 
bits being controlled by the CPU according to instructions being executed. 

5 Alternately, two register arrays could be addressed simultaneously by the CPU, and the 

Thread execution control logic can control an array select or multiplexer circuit to determine 
which array output would be delivered to the CPU. Each execution thread may be given a 
completely independent working area in Local data storage by using a single larger memory array, 
with one (or more if the number of threads exceeds 2) address bit being controlled by the Thread 

0 execution control logic and the remaining address bits being controlled by the CPU according to 

jn 

£ instructions being executed. Alternately, the Local data storage can be fully addressable by the 

i y 

^ CPU, with individual working areas identified by an index register within the general purpose 
'"^ register array. This has the advantage of enabling some shared memory for common data such as 
j= tables, but would require all accesses to private space to be done with indexed address modes 
M 5 which might limit the flexibility of available instructions. 

□ Although there is a common path to instruction memory, each instruction thread is 

associated with a different instruction pointer and instruction prefetch queue, each of which may 
contain multiple instruction words staged for future execution. In the preferred embodiment, 
there are two execution threads, each of which has an eight-instruction prefetch queue. The active 
20 execution thread is given first priority for fetching instructions. In the preferred embodiment, 
multiple network processors are implemented on the same chip and share a common instruction 
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storage. Accordingly, if multiple processors request access to the instruction memory at the same 
time, the instruction fetch requests for active threads will always be given precedence over those 
for idle threads, even if the request from an idle thread comes in earlier. 

Note that while working registers and local storage are replicated for each instruction 
thread, all threads share a common CPU (including its coprocessors) and path to instruction 
memory. The peak bandwidth requirement for instruction fetching does not increase, but the 
effective utilization of the available bandwidth for instruction fetching is increased significantly 
with multiple execution threads. 

The typical processing required in the network processing system results in tree search 
access which may be two or three times the number of machine cycles as that required to set up 
the search and process the results. This has two significant implications. First, the CPU 
execution for each of two threads can easily be overlapped with the tree search cycles for the 
opposite thread. In fact, with just two threads, there will still be a significant number of CPU 
cycles for which both threads are stalled, suggesting that three or four threads would further 
improve the utilization of the CPU. While doubling from one to two threads essentially doubles 
the CPU utilization, doubling the number of threads again to four may not quite double the 
efficiency of CPU utilization to 4 x, at least within the framework of the preferred embodiment of 
the present invention. This is because with four threads, the tree search latency isn't long enough 
to ensure the other three threads will run. The preferred embodiment is limited to two threads, 
because the additional cost of additional threads (larger local data storage and general purpose 
register arrays) is significantly more that the cost saved by not replicating the CPU. Thus, it 
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makes sense if doubling the threads results in a corresponding doubling of processing power, but 
when doubling the number of threads results in something less than doubling (i.e. 1 .5 x) of 
processing power, then adding additional independent CPUs tends to be preferable. The decision 
of how many threads is preferable is within the capability of a person having the requisite skills in 
5 the art and depends on the relative difference between CPU clock cycles and tree-search clock 
cycles for the processing system of interest, as well as the cost of implementing the core CPU vs. 
the cost of replicating the general purpose registers and local data storage. 

The second implication of the distribution of machine cycles between CPU execution and 
tree-searches is that if interleaving is implemented with a requirement for one tree search to 
^10 complete before the next one can be started, then the overlapping of two instruction threads will 

I ri 

jp not be as efficient. Each packet process will in fact be stretched out due to numerous instances 

ili 

^ where a tree search is started by the CPU but the tree search is stalled waiting for the tree search 

~ from the other thread to complete. To avoid this penalty, the tree search coprocessor is modified 

]? to include several pipelined phases. Thus, a tree search from one thread does not need to wait until 

.E==. 

'•ssr 

M5 the other thread's tree search is complete, but only until the other thread's tree search progresses to 
□ the second phase of its pipeline. In reality, by the time a second thread has executed the 
instructions to set up a tree search, a previous tree search from the other thread will in all 
likelihood be already beyond that first pipeline phase, thus resulting in a complete avoidance of 
stalls in the tree search process. This of course leads to additional motivation for the temporary 
20 thread switching on short latency events which was described previously, in order to avoid having 
tree searches from two different threads contending for the same pipeline phase. 
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An alternate approach is to replicate more single threaded CPUs. The disadvantage of that 
approach is that it costs more to achieve the same level of performance. It also increases the peak 
bandwidth requirements on various busses (i.e. to instruction memory or shared remote storage). 
Multiple threads result in the same average bandwidth, but half the peak bandwidth (in the case of 
two threads) which can have significant secondary effects on performance due to contention for 
these shared resources. 

The invention has been described in connection with its use on a network processor and a 
tree search structure. However, it should be noted that the invention is also useful with other 
processor systems and for retrieving data from sources other than tree search engines. For 
instance, the thread execution control can be used to access other coprocessors. 

While the invention has been described in combination with embodiments thereof, it is 
evident that many alternatives, modifications, and variations will be apparent to those skilled in 
the art in light of the foregoing teachings. Accordingly, the invention is intended to embrace all 
such alternatives, modifications and variations as fall within the spirit and scope of the appended 
claims. 
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